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ALKYNES AND METHODS OF REACTING
ALKYNES WITH 1,3-DIPOLE-FUNCTIONAL
COMPOUNDS

This application is a Divisional of U.S. patent application
Ser. No. 13/418,676, filed Mar. 13, 2012, which is a continu-
ation of U.S. patent application Ser. No. 12/743,632, filed
Aug. 5, 2010, now issued as U.S. Pat. No. 8,133,515 B2,
which is a §371 National Stage of International Application
No. PCT/US08/84345, filed Nov. 21, 2008, which claims the
benefit of U.S. Provisional Application Nos. 61/004,021,
filed Nov. 21, 2007; 61/007,674, filed Dec. 14, 2007; and
61/137,061, filed Jul. 25, 2008, all of which are hereby incor-
porated by reference in their entireties.

GOVERNMENT FUNDING

The present invention was made with government support
under a grant from the Research Resource Center for Bio-
medical Complex Carbohydrates of the National Institutes of
Health (Grant No. P41-RR-5351). The Government has cer-
tain rights in this invention.

BACKGROUND

Bioorthogonal reactions are reactions of materials with
each other, wherein each material has limited or substantially
no reactivity with functional groups found in vivo. The effi-
cient reaction between an azide and a terminal alkyne, i.e., the
most widely studied example of “click” chemistry, is known
as a useful example of a bioorthogonal reaction. In particular,
the Cu(l) catalyzed 1,3-dipolar cyclization of azides with
terminal alkynes to give stable triazoles (e.g., Binder et al.,
Macromol. Rapid Commun. 2008, 29:952-981) has been
employed for tagging a variety of biomolecules including
proteins, nucleic acids, lipids, and saccharides. The cycload-
dition has also been used for activity-based protein profiling,
monitoring of enzyme activity, and the chemical synthesis of
microarrays and small molecule libraries.

An attractive approach for installing azides into biomol-
ecules is based on metabolic labeling whereby an azide con-
taining biosynthetic precursor is incorporated into biomol-
ecules using the cells’ biosynthetic machinery. This approach
has been employed for tagging proteins, glycans, and lipids of
living systems with a variety of reactive probes. These probes
can facilitate the mapping of saccharide-selective glycopro-
teins and identify glycosylation sites. Alkyne probes have
also been used for cell surface imaging of azide-modified
bio-molecules and a particularly attractive approach involves
the generation of a fluorescent probe from a non-fluorescent
precursor by a [3+2]cycloaddition.

Despite the apparent utility of reacting an azide with a
terminal alkyne, applications in biological systems using this
reaction have been practically limited by factors including the
undesirable presence of a copper catalyst. Thus, there is a
continuing, unmet need for new bioorthogonal reactions.

SUMMARY

In one aspect, the present invention provides an alkyne, and
methods of making an alkyne. In one embodiment, the alkyne
is of the formula:
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Formula I

Rl

Rr!

Rr!

wherein: each R* is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C=N—OR?
C—N—NR’R*, CHOR?, or CHNHR?; and each R® and R*
independently represents hydrogen or an organic group (e.g.,
which can include a cleavable linker). Also provided are
blends of certain alkynes with a polymer or a copolymer that
can optionally form a copolymer micelle, which can be use-
ful, for example, for controlling the delivery of drugs as
described herein.

In another embodiment, the alkyne includes: a cleavable
linker fragment including at least two ends; an alkyne frag-
ment attached to a first end of the cleavable linker fragment;
and a biotinylated fragment attached to a second end of the
cleavable linker fragment. In preferred embodiments, the
alkyne fragment includes a strained, cyclic alkyne fragment.
In certain embodiments, the alkyne further includes at least
one heavy mass isotope. Optionally, the alkyne further
includes at least one detectable label such as a fluorescent
label.

Alkynes such as those described herein above can be
reacted with at least one 1,3-dipole-functional compound
(e.g., an azide-functional compound, a nitrile oxide-func-
tional compound, a nitrone-functional compound, an azoxy-
functional compound, and/or an acyl diazo-functional com-
pound) in a cyclization reaction to form a heterocyclic
compound, preferably in the substantial absence of added
catalyst (e.g., Cu(I)). Optionally, the reaction can take place
within or on the surface of a living cell. In certain embodi-
ments, the at least one 1,3-dipole-functional compound
includes a 1,3-dipole-functional biomolecule such as a pep-
tide, protein, glycoprotein, nucleic acid, lipid, saccharide,
oligosaccharide, and/or polysaccharide. Optionally, the 1,3-
dipole-functional biomolecule includes a detectable label
such as an affinity label. The heterocyclic compounds formed
by the alkyne with the at least one 1,3-dipole-functional com-
pound are also disclosed herein. In certain embodiments, the
reaction between the alkyne and the at least one 1,3-dipole-
functional compound can take place within or on the surface
of a living cell.

For embodiments in which the heterocyclic compound
includes a biotinylated fragment, the heterocyclic compound
can be bound to a compound that binds biotin, such as avidin
and/or streptavidin.

In another aspect, the present invention provides a sub-
strate having an alkyne as described herein on the surface
thereof. The substrate can be in the form of a resin, a gel,
nanoparticles, or combinations thereof. Optionally, the sub-
strate is a three-dimensional matrix. In preferred embodi-
ments, the X group of an alkyne of Formula I represents a
point of attachment to the surface of the substrate. Such
substrates can be useful for immobilizing biomolecules such
as peptides, proteins, glycoproteins, nucleic acids, lipids, sac-
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charides, oligosaccharides, and/or polysaccharides. Articles
including an immobilized biomolecule, such as a protein
immobilized on a three-dimensional matrix, are also dis-
closed herein.

The compositions and methods disclosed herein can offer
advantages over bioorthogonal reactions known in the art.
See, for example, Baskin et al., QSAR Comb. Sci. 2007,
26:1211-1219. For example, alkynes of Formula 1 as
described herein (e.g., wherein X represents C—0, C—N—
OR? C—N—NR?R* CHOR?, or CHNHR?; and each R® and
R* independently represents hydrogen or an organic group)
surprisingly have been found to have higher reactivity
towards 1,3-dipole-functional compounds than other
strained, cyclic alkynes (e.g., wherein X represents CH,).
See, for example, Codelli, et al., J. Am. Chem. Soc. 2008,
130:11486-11493; Johnson et al., Chem. Commun. 2008,
3064-3066; Sletten et al., Organic Letters 2008, 10:3097-
3099; and Laughlin et al., Science 2008, 320:664-667. Fur-
ther, convenient methods having the flexibility to prepare a
wide variety of alkynes of Formula I are disclosed herein. In
addition, alkynes of Formula I have the capability of reacting
not only with azides, but also a variety of other 1,3-dipole-
functional compounds.

DEFINITIONS

The term “comprises” and variations thereof do not have a
limiting meaning where these terms appear in the description
and claims.

As used herein, “a,” “an,” “the,” “at least one,” and “one or
more” are used interchangeably.

As used herein, the term “or” is generally employed in the
sense as including “and/or” unless the context of the usage
clearly indicates otherwise.

Also herein, the recitations of numerical ranges by end-
points include all numbers subsumed within that range (e.g.,
1to 5Sincludes 1, 1.5, 2, 2.75, 3, 3.80, 4, 5, etc.).

The above summary is not intended to describe each dis-
closed embodiment or every implementation of the present
invention. The description that follows more particularly
exemplifies illustrative embodiments. In several places
throughout the application, guidance is provided through lists
of examples, which examples can be used in various combi-
nations. In each instance, the recited list serves only as a
representative group and should not be interpreted as an
exclusive list.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates exemplary reagents for labeling azide-
functional biomolecules.

FIG. 2 illustrates Scheme 1: exemplary reagents and con-
ditions: a) TBSCI, pyridine; b) Br,, CHCl;; ¢) LDA, tetrahy-
drofuran; d) 4-nitrophenyl chloroformate, pyridine, CH,Cl,;
e) N,N-dimethylformamide (DMF), triethylamine (TEA).
LDA=lithium diisopropylamide, TBS=tert-butyldimethylsi-
Iyl.

FIG. 3 illustrates Scheme 2: exemplary reagents and con-
ditions: a) compound 3 in methanol.

FIG. 4 illustrates exemplary metal-free cycloadditions of
compound 3 with azide-functional amino acid and saccha-
rides. Boc=tert-butoxycarbonyl, TDS=thexyldimethylsilyl.

FIG. 5 illustrates Scheme 3: exemplary reaction condi-
tions: a) 1, triethylamine, DMF, room temperature, 78%; b)
20% trifluoroacetic acid (TFA), room temperature, 95%; ¢) 2,
TEA, DMF, room temperature, 68%.
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FIG. 6 illustrates embodiments of cell-surface labeling
with compounds 2 and 9. Jurkat cells grown for three days in
the absence or presence of Ac,ManNAz (25 micromolar)
were incubated a) with compounds 2 and 9 (30 micromolar)
for 0-180 minutes or b) with compounds 2 and 9 (0-100
micromolar) for 1 hour at room temperature. Next, the cells
were incubated with avidin-FITC for 15 minutes at 4° C.,
after which cell lysates were assessed for fluorescence inten-
sity. Samples are indicated as follows: blank cells incubated
with 2 (O) or 9 (), and Ac,ManNAz cells incubated with
2 (@)or9 (M.

FIG. 7 illustrates an embodiment of toxicity assessment of
cell labeling procedure and cycloaddition reaction with com-
pound 9. Jurkat cells grown for 3 days in the absence (a) or
presence (b) of Ac,ManNAz (25 micromolar) were incubated
with compound 9 (0-100 micromolar) for 1 hour at room
temperature. The cells were washed three times and then
incubated with avidin conjugated with fluorescein for 15
minutes at 4° C., after which cells were washed three times.
Cell viability was assessed at different points during the pro-
cedure with trypan blue exclusion; after incubation with 9
(black), after avidin-FITC incubation (grey), and after com-
plete procedure (white). Treatment with Cu’CI (1 mM) under
the same conditions led to approximately 98% cell death for
both the blank and the Ac,ManNAz treated cells.

FIG. 8 illustrates fluorescence images for embodiments of
cells labeled with compound 9 and avidin-Alexa Fluor 488.
CHO cells grown for 3 days in the absence (d-f) or presence
(a-c) of Ac,ManNAz (100 micromolar) were incubated with
compound 9 (30 micromolar) for 1 hour at4° C. (a, d) or room
temperature (b, c, e, f). Next, cells were incubated with avi-
din-Alexa Fluor 488 for 15 minutes at 4° C. and, after wash-
ing, fixing, and staining for the nucleus with far-red-fluores-
cent dye TO-PRO, imaged (a, b, d, e) or after washing
incubated for 1 hour at 37° C. before fixing, nucleus staining,
and imaging (c, f). Merged indicates that the images of cells
labeled with Alexa Fluor (488 nanometers (nm)) and TO-
PRO-3 iodide (633 nm) are merged.

FIG. 9 illustrates exemplary compounds comprising an
alkyne fragment, a cleavable linker fragment, and a biotiny-
lated fragment.

FIG. 10 illustrates Scheme 4: exemplary reaction condi-
tions: a) DMF, 80° C., 70%; b) potassium thioacetate (KSAc),
DMEF, 60° C., 90%; ¢) NH,NH,, ethanol (EtOH), refluxing,
95%; d) N,N-diisopropylethylamine (DIPEA), DMF, 0° C.,
56%; e) DIPEA, DMF, room temperature, 85%.

FIG. 11 illustrates Scheme 5: exemplary reaction condi-
tions: a) p-toluenesulfonic acid (TsOH), room temperature,
81%; b) DMF, 80° C., 86%; ¢) 0.1N HCI, EtOH, room tem-
perature, 90%; d) 9, NaH, DMF, 0° C., 88%; e) 0.1N HCI,
EtOH, room temperature, 88%; f) CCl,, PPh,, dichlo-
romethane (DCM), room temperature, 96%; g) KSAc, DMF,
60° C., 90%; h) NH,NH,, EtOH, refluxing, 95%; then (Boc),
O, TEA, EtOH, 91%; 1) 20% TFA, DCM, room temperature,
95%;j) DIPEA, DMF, 0° C.; then (Boc),0, TEA, EtOH, 60%
over two steps; k) 20% TFA, DCM, room temperature, then 8
DIPEA, DMF, room temperature, 80% over two steps.

FIG. 12 illustrates exemplary cleavable linkers.

FIG. 13 illustrates exemplary alkynes and a reactive diene.

FIG. 14 illustrates scheme 6: exemplary reaction condi-
tions: a) TMSCH,N,, BF,OEt,, DCM, -10° C., 3 hours,
71%;b) NaBH,, 1:1 EtOH/THF, room temperature, 7 hours,
100%; C) Br,, CHCl;, room temperature, 0.5 hour, 58%; d)
LDA, THF, 0.5 hour, 57%; e) Dess-Martin reagent, DCM, 0.5
h; f) 4-nitrophenyl chloroformate, pyridine, DCM, 18 hours,
92%; g) tris(ethylene glycol)-1,8-diamine, TEA, DCM, room
temperature, 3 hours, 80%; h) bromoacetic acid, NaH, THF,
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22%; 1) tris(ethylene glycol)-1,8-diamine, HATU coupling
reagent, DIPEA, DMF, room temperature, 2 hours, 75%; j)
N-{2-[2-(2-amino-ethoxy)-ethoxy]-ethyl} -2-aminooxy-ac-
etamide, AcOH, 1:1 DCM/MeOH, 63%.

FIG. 15 illustrates compounds 61-68 and second order
constants.

FIG. 16 illustrates scheme 7: exemplary reagents and con-
ditions: a) LiAlH,, AICl;, Et,0, 0° C., 61%; b) Br,, CHCI,, 0°
C., 58%; c) potassium t-butoxide (t-BuOK), THF, room tem-
perature, 25%.

FIG. 17 illustrates scheme 8: exemplary reagents and con-
ditions: a) TEA, CH,Cl,, room temperature, 77%.

FIG. 18 illustrates scheme 9: exemplary reagents and con-
ditions: a) NaH, benzyl bromide, DMF, room temperature,
59%; b) acetic anhydride (Ac,O), pyridine, room tempera-
ture, 81%.

FIG. 19 illustrates scheme 10: exemplary reagents and
conditions: a) LDA, Et;SiCl, THF, room temperature, 85%;
b) SELECTFLUOR fluorinating reagent, DMF, room tem-
perature, 66% c) LDA, Et;SiCl, THF, room temperature,
79%; d) SELECTFLUOR fluorinating reagent, DMF, room
temperature, 51%; e) NaBH,,, EtOH, room temperature, 78%;
) Br,, CHCl;, 0° C., 46%; g) c¢) t-BuOK, THF, room tem-
perature, 49%.

FIG. 20 illustrates the use of copolymer micelles for drug
delivery. A) Polyester and polyethyleneglycol groups self-
assembled in water. B) Functionalized copolymer micelles as
drug delivery devices. C) Oxime-modified alkyne derivatives
of copolymer micelles.

FIG. 21 illustrates the preparation of macromolecules with
4-dibenzocyclooctyne functionality.

FIG. 22 illustrates cycloadditions of 4-dibenzocyclooc-
tynol with various nitrones. Compounds were mixed at 1:1
molar ratio at a final concentration of 6 mM and reacted for a
time indicated.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

Alkynes such as those described herein can be reacted with
at least one 1,3-dipole-functional compound in a cyclization
reaction to form a heterocyclic compound. In preferred
embodiments, the reaction can be carried out in the substan-
tial absence of added catalyst (e.g., Cu(l)). Exemplary 1,3-
dipole-functional compounds include, but are not limited to,
azide-functional compounds, nitrile oxide-functional com-
pounds, nitrone-functional compounds, azoxy-functional
compounds, and/or acyl diazo-functional compounds.

Exemplary alkynes include alkynes of the formula:

Formula I
Rl

R!

Rr!

Rr!

wherein: each R’ is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group (and preferably a
C1-C10 organic moiety); each R is independently selected
from the group consisting of hydrogen, halogen, hydroxy,
alkoxy, nitrate, nitrite, sulfate, and a C1-C10 organic group
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(and preferably a C1-C10 organic moiety); X represents
C=0, C=N—0R?, C=N—NR?R* CHOR?, or CHNHR?;
and each R? and R* independently represents hydrogen or an
organic group (and in some embodiments an organic moiety).
In preferred embodiments, each R* represents hydrogen and/
or each R? represents hydrogen. Optionally, R includes a
covalently bound organic dye (e.g., a fluorescent dye).

As used herein, the term “organic group” is used for the
purpose of this invention to mean a hydrocarbon group that is
classified as an aliphatic group, cyclic group, or combination
of aliphatic and cyclic groups (e.g., alkaryl and aralkyl
groups). In the context of the present invention, suitable
organic groups for compounds of this invention are those that
do not interfere with the reaction of an alkyne with a 1,3-
dipole-functional compound to form a heterocyclic com-
pound. In the context of the present invention, the term “ali-
phatic group” means a saturated or unsaturated linear or
branched hydrocarbon group. This term is used to encompass
alkyl, alkenyl, and alkynyl groups, for example. The term
“alkyl group” means a saturated linear or branched monova-
lent hydrocarbon group including, for example, methyl,
ethyl, n-propyl, isopropyl, tert-butyl, amyl, heptyl, and the
like. The term “alkenyl group” means an unsaturated, linear
or branched monovalent hydrocarbon group with one or more
olefinically unsaturated groups (i.e., carbon-carbon double
bonds), such as a vinyl group. The term “alkynyl group”
means an unsaturated, linear or branched monovalent hydro-
carbon group with one or more carbon-carbon triple bonds.
The term “cyclic group” means a closed ring hydrocarbon
group that is classified as an alicyclic group, aromatic group,
or heterocyclic group. The term “alicyclic group” means a
cyclic hydrocarbon group having properties resembling those
of aliphatic groups. The term “aromatic group” or “aryl
group” means a mono- or polynuclear aromatic hydrocarbon
group. The term “heterocyclic group” means a closed ring
hydrocarbon in which one or more of the atoms in the ring is
an element other than carbon (e.g., nitrogen, oxygen, sulfur,
etc.).

As ameans of simplifying the discussion and the recitation
of certain terminology used throughout this application, the
terms “group” and “moiety” are used to differentiate between
chemical species that allow for substitution or that may be
substituted and those that do not so allow for substitution or
may not be so substituted. Thus, when the term “group” is
used to describe a chemical substituent, the described chemi-
cal material includes the unsubstituted group and that group
with nonperoxidic O, N, S, Si, or F atoms, for example, in the
chain as well as carbonyl groups or other conventional sub-
stituents. Where the term “moiety” is used to describe a
chemical compound or substituent, only an unsubstituted
chemical material is intended to be included. For example, the
phrase “alkyl group” is intended to include not only pure open
chain saturated hydrocarbon alkyl substituents, such as
methyl, ethyl, propyl, tert-butyl, and the like, but also alkyl
substituents bearing further substituents known in the art,
such as hydroxy, alkoxy, alkylsulfonyl, halogen atoms,
cyano, nitro, amino, carboxyl, etc. Thus, “alkyl group”
includes ether groups, haloalkyls, nitroalkyls, carboxyalkyls,
hydroxyalkyls, sulfoalkyls, etc. On the other hand, the phrase
“alkyl moiety” is limited to the inclusion of only pure open
chain saturated hydrocarbon alkyl substituents, such as
methyl, ethyl, propyl, tert-butyl, and the like.

Alkynes of Formula I are typically strained, cyclic alkynes.
Surprisingly it has been found that alkynes of Formula I as
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described herein (e.g., wherein X represents C—0, C—N—
OR3, C=N-—NR3R* CHOR?, or CHNHR?; and each R® and
R* independently represents hydrogen or an organic group)
have been found to have higher reactivity towards 1,3-dipole-
functional compounds than other strained, cyclic alkynes
(e.g., wherein X represents CH,).

In certain embodiments of alkynes of Formula I, X can
represent C—=N—OR?> wherein R? is an organic group. For
example, R® can have the formula —(CH,),,C(O)Y, wherein:
ais 1-3;Y represents OH or NHR?; and R® represents hydro-
gen or a biotinylation product of a primary amine-containing
organic group. The primary amine-containing group can, for
example, be of the formula —(CH,CH,0),(CH,).L -
(CH,CH,0)_(CH,)NH, and/or —(CD,CD,0),(CD,).-L, -
(CD,CD,0)(CD,)NH,, wherein b=0 to 100 (e.g., 10 to
100); ¢=0 to 100 (and preferably 1 to 10); d=0 to 100 (and
preferably 1 to 10); e=0 to 100 (e.g., 10 to 100); £=0 to 100
(and preferably 1 to 10); and L is an optional cleavable linker
(e.g., a disulfide).

In certain embodiments of alkynes of Formula I, X can
represent CHOR?, wherein R> is selected from the group
consisting of an alkyl group, an aryl group, an alkaryl group,
and an aralkyl group. For example, R? can have the formula
—C(0)Z, wherein: Z represents an alkyl group, OR® or
NHR’; and R® and R” are each independently selected from
the group consisting of an alkyl group, an aryl group, an
alkaryl group, and an aralkyl group. In certain embodiments,
R” can be a biotinylation product of a primary amine-contain-
ing organic group. The primary amine-containing group can,
for example, be of the formula —(CH,CH,0),(CH,)_-L -
(CH,CH,0),(CH,)NH, and/or —(CD,CD,0),(CD,).-L -
(CD,CD,0).(CD,)NH,, wherein b=0 to 100 (e.g., 10 to
100); ¢=0 to 100 (and preferably 1 to 10); d=0 to 100 (and
preferably 1 to 10); e=0 to 100 (e.g., 10 to 100); £=0 to 100
(and preferably 1 to 10); and L is an optional cleavable linker
(e.g., a disulfide).

An exemplary alkyne of Formula I is the species in which
X represents C—0, an alkyne of the formula:

Formula IV

Another exemplary alkyne of Formula I is the species in
which X represents CHOH, an alkyne of the formula:

Formula V

Another exemplary alkyne of Formula I is the species in
which X represents CHNH,, an alkyne of the formula:
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Formula VI

H
NH,

Another exemplary alkyne of Formula I is the species in
which X represents C—=N—OR?, an alkyne of the formula:

Formula VII

N
OR3

wherein R? represents hydrogen or an organic group (and in
some embodiments an organic moiety).

Additional exemplary alkynes include alkynes that have: a
cleavable linker fragment including at least two ends; an
alkyne fragment attached to a first end of the cleavable linker
fragment; and a biotinylated fragment attached to a second
end of the cleavable linker fragment. In certain embodiments,
the alkyne fragment includes a strained, cyclic alkyne frag-
ment. In certain embodiments, the alkyne further includes at
least one heavy mass isotope. Optionally, the alkyne further
includes at least one detectable label (e.g., a fluorescent
label).

In certain embodiments of alkynes of Formula I, X can
represent a polymeric or a copolymeric group. For embodi-
ments in which X represents a copolymeric group, the
copolymeric group can include a hydrophilic segment and a
hydrophobic segment. For example, the copolymeric group
can include a fragment of the formula —[CH,CH,O],—[C
(O)(CH,)50],,—H, wherein n=0 to 100 (e.g., 10 to 100) and
m=0to 100 (e.g., 10to 100). Surfaces on which drops of water
or aqueous solutions exhibit a contact angle of less than 90
degrees are commonly referred to as “hydrophilic.” The con-
tact angle of a hydrophobic material with water is typically
greater than 90 degrees.

Exemplary methods of making alkynes of Formula I are
also disclosed herein. In one embodiment, the method
includes: brominating an alkene of the formula:

Formula XIV

R! R!

R! R!

Rr!

to provide a dibromide of the formula:
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Formula XV
1 Br H 1
i H Br i
R! R!
1 1,
R X< R
1 R? 1
R R2 R

and dehydrobrominating the dibromide of Formula XV to
provide the alkyne of the formula:

Formula I

Rr!

Rr!

wherein: each R! is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C—=N—OR?,
C—N—NR’R*, CHOR?, or CHNHR?; and each R? and R*
independently represents hydrogen or an organic group (e.g.,
which can include a cleavable linker).

A wide variety of 1,3-dipole-functional compounds can be
used to react with the alkynes disclosed herein. As used
herein, a “1,3-dipole-functional compound” is meant to
include compounds having at least one 1,3-dipole group
attached thereto. As used herein, a “1,3-dipole group” is
intended to refer to a group having a three-atom pi-electron
system containing 4 electrons delocalized over the three
atoms. Exemplary 1,3-dipole groups include, but are not lim-
ited to, azides, nitrile oxides, nitrones, azoxy groups, and acyl
diazo groups. In certain embodiments, the 1,3-dipole-func-
tional compound can be a biomolecule having at least one
1,3-dipole group attached thereto. Optionally, the at least one
1,3-dipole-functional compound can include a detectable
label (e.g., an immunoassay or affinity label).

One or more 1,3-dipole-functional compounds (e.g., azide-
functional compounds, nitrile oxide-functional compounds,
nitrone-functional compounds, azoxy-functional com-
pounds, and/or acyl diazo-functional compounds) can be
combined with an alkyne as described herein under condi-
tions effective to react in a cyclization reaction and form a
heterocyclic compound. Preferably, conditions effective to
form the heterocyclic compound can include the substantial
absence of added catalyst. Conditions effective to form the
heterocyclic compound can also include the presence or
absence of a wide variety of solvents including, but not lim-
ited to, aqueous (e.g., water) and non-aqueous solvents; protic
and aprotic solvents; polar and non-polar solvents; and com-
binations thereof. The heterocyclic compound can be formed
over a wide temperature range, with a temperature range of 0°
C.1040° C. (and in some embodiments 23° C.t0 37° C.) being
particularly useful when biomolecules are involved. Conve-
niently, reaction times can be less than one day, and some-
times one hour or even less.
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In certain embodiments, the cyclization reaction between
the one or more 1,3-dipole-functional compounds and the
alkyne can take place within or on the surface of a living cell.
Such reactions can take place in vivo or ex vivo. As used
herein, the term ““in vivo™ refers to a reaction that is within the
body of a subject. As used herein, the term “ex vivo” refers to
a reaction in tissue (e.g., cells) that has been removed, for
example, isolated, from the body of a subject. Tissue that can
be removed includes, for example, primary cells (e.g., cells
that have recently been removed from a subject and are
capable of limited growth or maintenance in tissue culture
medium), cultured cells (e.g., cells that are capable of
extended growth or maintenance in tissue culture medium),
and combinations thereof.

An exemplary embodiment of a 1,3-dipole-functional
compound is an azide-functional compound of the formula
R®—N; (e.g., represented by the valence structure R®—"N—
N=N*), wherein R® represents and organic group (e.g., a
biomolecule). Optionally, R® can include a detectable label
(e.g., an affinity label).

The cyclization reaction of an azide-functional compound
of the formula R®—N, with an exemplary alkyne of Formula
I can result in one or more heterocyclic compounds of the
formulas:

Formula IT
RS N
N
R! \N = N R!
RA - R!
or
1 1
R b4 R
1 R? 1
R R2 R
Formula ITT
N RS
Vs
R! N z \N - R!
RA R!
1 1
R - RY,
1 R? 1
R R2 R

wherein: each R* is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C—N—OR?>,
C—N—NR’R* CHOR?, or CHNHR?; each R? and R* inde-
pendently represents hydrogen or an organic group (e.g.,
which can include a cleavable linker); and R® represents an
organic group (e.g., which can include a biomolecule and
optionally a cleavable linker).

Another exemplary embodiment of a 1,3-dipole-functional
compound is a nitrile oxide-functional compound of the for-
mula R®¥—CNO (e.g., represented by the valence structure
RE*C—N—0"), wherein R® represents and organic group
(e.g., a biomolecule). Optionally, R® can include a detectable
label (e.g., an affinity label).

The cyclization reaction of a nitrile oxide-functional com-
pound of the formula R®-—CNO with an exemplary alkyne of
Formula I can result in one or more heterocyclic compounds
of the formulas:
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Formula VIII

or

Formula IX
Rl

Rl

Rr!

Rr!

wherein: each R! is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C=N—OR?,
C—N-—NR?R* CHOR?, or CHNHR?; each R® and R* inde-
pendently represents hydrogen or an organic group (e.g.,
which can include a cleavable linker); and R® represents an
organic group (e.g., which can include a biomolecule and
optionally a cleavable linker).

Another exemplary embodiment of a 1,3-dipole-functional
compound is a nitrone-functional compound of the formula
(R'9),CN(R'?)O (e.g., represented by the valence structure
(R'),C="N(R**)—0"), wherein each R'° independently
represents hydrogen or an organic group, with the proviso that
at least one R'° represents an organic group (e.g., a biomol-
ecule). Optionally, at least one R'° can include a detectable
label (e.g., an affinity label).

The cyclization reaction of a nitrone-functional compound
of the formula (R'?),CN(R'%)O with an exemplary alkyne of
Formula I can result in one or more heterocyclic compounds
of the formulas:

Formula X

or
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-continued

Formula XI

Rr!

Rr!

wherein: each R* is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C=N—OR?,
C—N-—NR?R* CHOR?, or CHNHR?; and each R?, R*, and
R'° independently represents hydrogen or an organic group,
with the proviso that at least one R'© represents an organic
group (e.g., which can include a biomolecule and optionally
a cleavable linker).

Another exemplary embodiment of a 1,3-dipole-functional
compound is an azoxy-functional compound of the formula
R°—NN(R'?)O (e.g., represented by the valence structure
R'°—N="N(R'°)—0"), wherein each R'°® independently
represents hydrogen or an organic group, with the proviso that
at least one R'° represents an organic group (e.g., a biomol-
ecule). Optionally, at least one R'° can include a detectable
label (e.g., an affinity label).

The cyclization reaction of an azoxy-functional compound
of the formula R'*—NN(R'°)O with an exemplary alkyne of
Formula I can result in one or more heterocyclic compounds
of the formulas:

Formula XII
RIO
10
RO AN
R! N O R!
RA — R!
or
R! R!
X
RZ
R! R2 R!
Formula XIII
RI0
N 10
o Nt
R! R!
R. - R!
1 1
R % . R,
R! R R!
R2

wherein: each R! is independently selected from the group
consisting of hydrogen, halogen, hydroxy, alkoxy, nitrate,
nitrite, sulfate, and a C1-C10 organic group; each R? is inde-
pendently selected from the group consisting of hydrogen,
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halogen, hydroxy, alkoxy, nitrate, nitrite, sulfate, and a
C1-C10 organic group; X represents C—0, C—N—OR?>,
C—N—NR’R*, CHOR?, or CHNHR?: and each R, R*, and
R'° independently represents hydrogen or an organic group,
with the proviso that at least one R'® represents an organic
group (e.g., which can include a biomolecule and optionally
a cleavable linker).

For embodiments in which the heterocyclic compound
formed from the cyclization reaction between the alkyne and
the one or more 1,3-dipole-functional compounds includes a
detectable label, the heterocyclic compound can be detected
using the detectable label. For example, for embodiments in
which the detectable label is an affinity label, affinity binding
(e.g., affinity chromatography) can be used to detect the het-
erocyclic compound.

In addition, for embodiments in which the heterocyclic
compound formed from the cyclization reaction between the
alkyne and the one or more 1,3-dipole-functional compounds
includes a biotinylated fragment, the heterocyclic compound
can be bound by contacting the heterocyclic compound with
a compound that binds biotin (e.g., avidin and/or streptavi-
din). Further, the bound heterocyclic compound can be
detected by methods described herein.

Cyclization reactions between alkynes as disclosed herein
and 1,3-dipole-functional compounds can be used for a wide
variety of applications. For example, an alkyne as disclosed
herein can be attached to the surface of a substrate. In certain
embodiments, the X group of the alkyne represents a point of
attachment to the surface of the substrate. One of skill in the
art will recognize that the X group can advantageously be
selected to include functionality (e.g., biotin, activated esters,
activated carbonates, and the like) to enable attachment of the
alkyne to a functional substrate (e.g., amine functionality,
thiol functionality, and the like) through a wide variety of
reactions.

Substrates having an alkyne attached to the surface thereof
can be reacted with 1,3-dipole-functional compounds to form
heterocyclic compounds, eftectively chemically bonding the
1,3-dipole-functional compounds to the substrate. Such sub-
strates can be, for example, in the form of resins, gels, nano-
particles (e.g., including magnetic nanoparticles), or combi-
nations thereof. In certain embodiments, such substrates can
be in the form of microarrays or even three-dimensional
matrices or scaffolds. Exemplary three-dimensional matrices
include, but are not limited to, those available under the trade
designations ALGIMATRIX 3D Culture system, GELTRIX
matrix, and GIBCO three-dimensional scaffolds, all available
from Invitrogen (Carlsbad, Calif). Such three-dimensional
matrices can be particularly useful for applications including
cell cultures.

1,3-Dipole-functional biomolecules (e.g., 1,3-dipole-
functional peptides, proteins, glycoproteins, nucleic acids,
lipids, saccharides, oligosaccharides, and/or polysaccha-
rides) can be immobilized on, and preferably covalently
attached to, a substrate surface by contacting the 1,3-dipole-
functional biomolecules with a substrate having an alkyne
attached to the surface thereof under conditions effective for
a cyclization reaction to form a heterocyclic compound. Pref-
erably, conditions effective to form the heterocyclic com-
pound can include the substantial absence of added catalyst.
Conditions effective to form the heterocyclic compound can
also include the presence or absence of a wide variety of
solvents including, but not limited to, aqueous (e.g., water and
other biological fluids) and non-aqueous solvents; protic and
aprotic solvents; polar and non-polar solvents; and combina-
tions thereof. The heterocyclic compound can be formed over
awide temperature range, with a temperature range of 0° C. to
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40° C. (and in some embodiments 23° C. to 37° C.) being
particularly useful. Conveniently, reaction times can be less
than one day, and sometimes one hour or even less.

For example, when the substrate is in the form of a three-
dimensional matrix and the 1,3-dipole-functional biomol-
ecule is a 1,3-dipole-functional protein (e.g., an azide-func-
tional protein), the cyclization reaction can result in an article
having a protein immobilized on a three-dimensional matrix.
Such matrices can have a wide variety of uses including, but
not limited to, separating and/or immobilizing cell lines. Par-
ticularly useful proteins for these applications include, but are
not limited to, collagen, fibronectin, gelatin, laminin, vit-
ronectin, and/or other proteins commonly used for cell plat-
ing.

For another example, cyclization reactions between 1,3-
dipole-functional compounds and alkynes of Formula I in
which X represents a polymeric or a copolymeric group can
be used, for example, for controlling the delivery of drugs as
described herein below. For example, alkynes of Formulalin
which X represents a copolymeric group including a hydro-
philic segment and a hydrophobic segment can be blended
with a polymer or a copolymer. Further, when an alkyne of
Formula I in which X represents a copolymeric group includ-
ing a hydrophilic segment and a hydrophobic segment is
blended with a copolymer having a hydrophilic segment and
a hydrophobic segment, a copolymer micelle can be formed.
Particularly useful copolymers having a hydrophilic segment
and a hydrophobic segment include those of the formula
R’0—[CH,CH,0],—[C(0)(CH,)sO],—H, wherein R’
represents an alkyl group (e.g., methyl), p=0to 100 (e.g., 1 to
100), and 0=0to 100 (e.g., 1 to 100).

The copolymer micelles that include an alkyne of Formula
1 as described herein above can advantageously be used to
control the delivery of drugs. For example, a copolymer
micelle that includes an alkyne of Formula 1 can be combined
with at least one 1,3-dipole-functional drug and allowed to
react under conditions effective to form a heterocyclic com-
pound and attach the drug to the copolymer micelle. See, for
example, Nishiyama et al., Adv. Polym. Sci. 2006, 193:67-
101; Gaucher et al., J. Control. Release 2005, 109:169-188;
Choi et al., J. Dispersion Sci. Tech. 2003, 24:475-487;
Lavasanifar et al., Adv. Drug Delivery Rev. 2002, 54:169-190;
and Rosler et al., Adv. Drug Delivery Rev. 2001, 53:95-108.

Further, because it does not require a toxic catalyst such as
copper, the novel cycloaddition reaction provided by the
invention can be used for labeling of living cells. For example,
cells can first be metabolically labeled with an azide-func-
tional precursor to produce azide-functional biomolecules
(also referred to as bioconjugates) such as azide-functional
glycoproteins (also referred to as glycoconjugates). The cells
can then be contacted with an alkyne of Formula I, either in
solution or on a substrate as discussed above, under condi-
tions to permit labeling (via the cycloaddition reaction) of the
azide-functional biomolecules at the surface of the cell. The
resulting triazole conjugate can be detected at the cell surface,
or it can be endocytosed by the cell and detected inside the
cell.

Alkynes of Formula I can also have utility for imaging
applications including, for example, as reagents for magnetic
resonance imaging (MRI). For another example, alkynes of
Formula I can contain a fluorescent tag. Alkynes of Formula
I can also be useful in qualitative or quantitative proteomics
and glycomics applications utilizing mass spectrometry. The
alkyne of Formula I can be selected to contain one or more
heavy mass isotopes, such as deuterium, >C, *°N, **S and the
like, and then can be used to label and/or immobilize azide-
functional biomolecules as described herein.
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Alkynes of Formula I can also have utility for applications
such as vaccines. For example, alkynes of Formula I can be
reacted with an azide-functional protein (e.g., an azide-func-
tional carbohydrate, an azide-functional peptide, and/or an
azide-functional glycopeptide), and the resulting triazole
conjugate can be used as a carrier protein for the vaccine.

The present invention is illustrated by the following
examples. It is to be understood that the particular examples,
materials, amounts, and procedures are to be interpreted
broadly in accordance with the scope and spirit of the inven-
tion as set forth herein.

EXAMPLES
Example 1

Visualizing Metabolically Labeled Glycoconjugates
of Living Cells by Copper-Free and Fast Huisgen
Cycloadditions

Azides, which are extremely rare in biological systems, are
emerging as attractive chemical handles for bioconjugation
(Kolb and Sharpless, Drug Discovery Today 2003, 8:1128-
1137, Dedola et al., Org. Biomol. Chem. 2007 5:1006-1017,
Moses and Moorhouse, Chem. Soc. Rev. 2007,36:1249-1262;
Nandivada et al., Adv. Mater. 2007, 19:2197-2208; Wu and
Fokin, Aldrichimica Acta 2007, 40:7-17). In particular, the
Cu'-catalyzed 1,3-dipolar cycloaddition of azides with ter-
minal alkynes to give stable triazoles (Rostovtsev et al.,
Angew. Chem. 2002, 114:2708-2711; Rostovtsev et al.,
Angew. Chem. Int. Ed. 2002, 41:2596-2599; Tornoe et al., J.
Org. Chem. 2002, 67:3057-3064) has been employed for the
tagging of a variety of biomolecules, (Chin et al., Science
2003, 301:964-967; Wang et al., J. Am. Chem. Soc. 2003,
125:3192-3193; Kho et al., Proc. Natl. Acad. Sci. USA 2004,
101:12479-12484; Gierlich et al., Org. Lett. 2006, 8:3639-
3642; Link et al., Proc. Natl. Acad. Sci. USA 20